The electrochemistry of the ferri/ferrocyanide redox couple has been studied at Au electrodes modified with calix [4] 
three separate pairs of faradaic peaks. Evidence is given for these redox couples corresponding to the reduction of Fe(CN) 6 3-and the subsequent re-oxidation of Fe(CN) 6 4-in three differing steric arrangements. One pair of peaks suggest that when the Fe(CN) 6 3-ion resides within the calix [4] resorcinarene bowl, electron transport is facilitated by the calix [4] resorcinarene acting as a charge transfer mediator; in this arrangement the activation energy is found to be lowered by ~24kJmol -1 . Another pair of peaks is thought to correspond to the reduction of Fe(CN) 6 3-as it approaches the Au electrode by packing itself in-between adjacent calix [4] resorcinarene molecules.
The third pair of redox peaks is attributed to the reduction and subsequent re-oxidation of Fe(CN) 6 3-/Fe(CN) 6 4-when the ion resides above a saturated calix [4] resorcinarene coating; in this case the activation energy was raised by ~45kJmol -1 . FTIR spectroscopy of calix [4] resorcinarene-coated Au electrodes and calix [4] resorcinarene-coated Au electrodes exposed to Fe(CN) 6 3-lends further support to this argument, by demonstrating that the Fe(CN) 6 3-ion resides within at least two and possibly three differing environments.
Calix [4] resorcinarene modified electrodes previously exposed to ferricyanide lose the calix [4] resorcinarene coating together with a surface layer of gold when subsequently scanned in a phosphate buffer. It therefore appears that the calix [4] resorcinarene/Fe(CN) 6 3-association is stronger than the Au binding to the underlying glass material.
Introduction
Electrode modification has been widely employed to optimise the performance of many electrochemical analyses [1] [2] [3] , with potential benefits including enhanced selectivity 4 , stability 5 and sensitivity 6 . Chemically Modified Electrodes (CMEs) in particular have been used to facilitate electron transfer reactions 7 and the preferential accumulation of analytes at electrode surfaces 8 . A variety of coatings have been used in this context with common examples including conducting polymers 9 , ion-exchange polymers (viz. Nafion ® ) 10 and metallic complex films such as the bipyridine complexes 11 . CMEs have already been previously reviewed elsewhere [12] [13] .
Calix [4] resorcinarenes form a family of resorcinol/aldehyde oligomers linked in macrocyclic arrays by alkylene bridges [14] [15] , and may be synthesised by acid-promoted condensation of resorcinols with aldehydes 16 . The term calixarene first appeared in print in 1978 17 , and is derived from the Greek calix meaning 'vase' or 'chalice' with the arene adjunct indicating the presence of aryl residues in the macrocyclic array 14 . Among their properties, calixarenes allow for the preferential uptake of ions from solution and may be used to coat, and thereby modify electrode surfaces 18 . Structural and functional group modification of a calixarene, offers the prospect of tailor designing molecules suitable for use as selective electrode coatings for molecular or ionic analytes of differing radii, charge and even chirality 14 26 . The electrochemistry for ferricyanide at these substituted calix [4] resorcinarene coated electrodes has been previously reported 27 .
This paper reports on the electrochemical behaviour of the ferri/ferrocyanide couple at a calix [4] resorcinarenetetrathiol coated gold electrode; the electrochemistry of the calix [4] resorcinarene modified electrode is discussed with respect to the approach trajectory of the Fe(CN) 6 3- 
Electrochemical Apparatus
All experiments were conducted with a purpose designed cell, Fig. 1 . The Ag/AgCl reference, Au counter and working electrodes were all mounted within 'Suba-Seal' rubber septa and placed so that they were suspended within the cell. A side-arm water-filled air lock prevented the ingress of air, whilst a gas bubbler permitted de-oxygenation of the cell's contents.
Measurements were performed using an 'Eco Chemie PGSTAT20 Autolab' potentiostat, linked via an IEEE interface to a Dell PC.
Reagents and Solutions
A 1 x 10 -3 M solution of K 3 Fe(CN) 6 
Electrode Preparation
A custom made Ag/AgCl reference electrode of 1.5mm diameter was fabricated by sealing a length of silver wire within a hollow soda glass tube, to leave approximately 15 mm exposed metal. The electrode was pre-anodised for 10 mins in a saturated KCl solution at +1.0 V (vs.
Standard Calomel Electrode) to form an Ag/AgCl interface. The counter electrode was constructed using a similar technique, but with gold wire of 0.5mm diameter consisting of a coiled length of metal to provide a large surface area.
The calix [4] resorcinarene-coated gold electrodes were prepared by first evaporating a 50 Å layer of Cr, followed by 500 Å of Au onto a clean glass slide. Wires were attached using 'Electrolube' silver paint which was subsequently coated with epoxy resin to both insulate the electrical junction and provide additional mechanical strength to the junction. The final geometric area of the electrode was ~4cm 2 . In this study, slides were placed in the calix [4] resorcinarene solution overnight and then washed thoroughly with clean ethanol. The formation and reproducibility of gold-thiol linked calix [4] resorcinarene monolayers was verified by grazing angle reflection FTIR spectroscopy, as a quality control procedure 25 .
Cell Preparation
Prior to each measurement, all glassware was cleaned in chromic acid (25g K 2 Cr 2 O 7 / 500ml H 2 SO 4 -Fisons, Loughborough, England, UK.) for 1 hour and then rinsed thoroughly with doubly distilled de-ionised water. After being allowed to dry in air, the cell was assembled and 100ml of the prepared K 3 Fe(CN) 6 solution was placed in the cell. The reference, counter and working electrodes were then all fixed in 'Suba-Seal' rubber septa and mounted into the 6 cell. The cell was purged with argon for 20mins to remove any dissolved oxygen whilst agitating the cell contents.
FTIR Analysis
FTIR spectra were recorded using a Perkin-Elmer 1725 X spectrometer fitted with a Harrick FT80 reflection accessory and a MCT detector. The samples used for grazing incidence were calix [4] resorcinarene-thiol monolayers adsorbed on a 500 Å Au film which had been sputter coated on top of a 50 Å Cr-coated glass slide. Spectra were recorded for the samples before and after 1 hr exposure to a 1 mM aqueous K 3 FeCN 6 solution. The IR spectrum of K 3 FeCN 6 was measured within a disc of ground KBr. 
4.
For a diffusion controlled reversible reaction at a planar electrode surface, reversible redox peaks would be expected to show a 59/n mV separation (where in this case n=1 corresponds to a one electron transfer) 28 . However as we have shown previously gold-sputtered electrodes of the type we are using offer faster electrode kinetics than polished planar gold electrodes due to their crystalline, granular structure and so induce some irreversibility to the behaviour observed with some redox reactions 29 . Electrodes of this type were used in this study since they provide an ideal surface for the thiol-linked anchorage of calix [4] resorcinarenes 24 .
Identification of Redox Peaks
From These results differ from those reported previously for alkyl-substituted calix [4] resorcinarene which gave much simpler single peaks 27 . However it should be noted that the voltammograms shown in this paper were for calix [4] resorcinarenes which had been substituted at the hydroxy group. This would greatly alter the binding of these materials as it would be impossible for them to act as hydrogen bond donors and may also alter their conformation as substituted calix [4] resorcinarenes often display mobile structures in solution rather than a fixed cone conformation 27 . Calix [4] resorcinarenes in that work with compact headgroups tended to block the electron transfer reaction. Several materials with bulkier 9 headgroups showed presence of pinhole defects, shown by oxidation/reduction cycles close to that of a bare gold electrode. The authors also report that the alkyl-substituted calix [4] resorcinarene with unreacted hydroxy groups forms monolayers with surface defects (voltammogram not shown), confirming SPR studies 26 . 
Steric Effects in the Fe
where F = Faraday Constant and n = no. of electrons involved in reaction.
In this instance, the activation energy for the reduction of Fe(CN) 6 3-has been found to be The corresponding re-oxidation peak α (OX) , moreover exhibits some loss in reversibility again indicating a less favourable environment for the re-oxidation of the Fe(CN) 6 4-ion with respect to the bare gold electrode surface. 13 It is possible in this situation that the Fe(CN) 6 3-ion approaches the gold electrode by migration under the influence of electric field, but encounters considerable steric hindrance from adsorbed Fe(CN) 6 3-as it is pulled against the calix [4] resorcinarene layer. It is known that direct contact may not be necessary to permit efficient electron transport 33 . The ferricyanide ions are held against the layer but not immobilised inside the bowls. The absence of any smaller shoulder peaks on the (α (RED) ) peak suggests that the ferricyanide ion is being prevented from directly accessing the gold electrode surface which in turn would point towards a complete and homogeneous calix [4] resorcinarene coating at the Au electrode surface which is consistent with SPR results 26 .
In this model one pair of redox peaks (γ (RED) and γ (OX) ) has still to be accounted for. A third environment for the approach of the Fe (CN) 6 3-ion could involve a stacking of Fe (CN) 6 3- ions above a layer of Fe (CN) 6 3-filled calix [4] resorcinarene cavities; this is indeed probable as the ferricyanide will be drawn to the surface of the gold electrode during the cathodic sweep. Once the calix [4] resorcinarene cavities are filled, the closest possible approach of the Fe(CN) 6 3-ion to the electrode will be in excess of 21Å.
It is therefore proposed that (γ (RED) and γ (OX) ) may correspond to the reduction of Fe(CN) 6 3- and the subsequent oxidation of Fe(CN) 6 4-respectively when the ion is held above the calix [4] resorcinarene coating. An increased reduction overpotential of approximately 320mV
(table 1), shows that the activation energy for this process has been increased by ~45kJ mol -1 .
If the process has become less favourable energetically, then electronic coupling of the 14 This model for the reduction of Fe(CN) 6 3-ions of three environments could account for all of the considerations thus far. It has been established for some time that ions do indeed reside within that calix [4] resorcinarene bowl 24 , and it is probable that the electrical migration of ions towards the Au surface will cause further ions to be firstly pulled in between and then stacked above the individual calix [4] resorcinarene molecules; an electrical double layer type arrangement of ion association around the electrode might be envisaged here.
To summarise it is therefore that the three observed pairs of redox peaks observed respectively correspond to the electron transfer processes of ferricyanide ions residing: Further supporting evidence for this model was found by infra-red spectroscopy of a calix [4] resorcinarene coated Au surface, a calix [4] resorcinarene coated Au surface which has been exposed to Fe(CN) 6 3-and the Fe(CN) 6 3-complex. The spectra of the Au/calix [4] resorcinarene and Au/calix [4] resorcinarene/Fe(CN) 6 3-surfaces were obtained using FTIR spectroscopy; the infra-red spectrum of the Fe(CN) 6 3- It is known that ion-calix [4] resorcinarene associations may remain stable for some time 24 , the stability of the association between the ferricyanide and the calix [4] Even more interestingly however, it became apparent that the Au surface is progressively lost from the glass backing support of the electrode with each successive potential sweep, Fig. 9 .
By contrast, a calix [4] resorcinarene coated gold electrode that has never been exposed to It appears that the Fe(CN) 6 3-/calix [4] resorcinarene association may be stronger than bonding of the Au/Cr film to the glass backing of the electrode, since electrodes exposed to ferricyanide lose their gold and calix [4] resorcinarene coating when voltametrically scanned in a fresh phosphate buffer.
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Legends to Figures   Fig 1: Schematic of electrochemical cell 
